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Introduction
Probe anodic oxidation is an effective and convenient nanofabrication method, which is one of the most important techniques for fabricating nano structures and devices. Since atomic force microscope (AFM) can work in ambient environment, the AFM based anodic oxidation is widely used in oxide fabrication. The principle of AFM oxidation is similar to that of the traditional electrolytic cell. When a bias voltage is applied to the AFM conductive tip and the substrate, a strong electric field about 10 8 -10 10 V/m is generated in the gap of the tip and substrate. Under the effect of the field, H + and the oxyanions OH and O are electrolyzed from the water molecules of the water bridge formed between the tip and substrate. The oxyanions react with the atoms of the substrate surface and form oxide on the substrate. During the electrochemical reactions, the substrate is the anode, the tip is the cathode, and the thin water layer adsorbed to the surface acts as the electrolyte which provides the oxyanions. Therefore, a micro electrolytic cell consisting of the tip, sample and water layer is formed as shown in Figure 1 , and oxide can grow on some semiconductor and active metal substrates under the effect of electric field. The oxide fabricated by AFM can be used to form the raised nano structures on substrate, or it can be removed by dry or wet etching afterward to form the sunken nano structures. In addition, by controlling the position of oxide dot precisely atomic contact devices and metaloxide-semiconductor (MOS) devices can be fabricated. Day et al. [1] first realized the fabrication of oxide on Si substrate by AFM in 1993. Snow et al. [2] later fabricated structures 30 nm deep with line width 10 nm by a combination of AFM based oxidation and dry etching in 1995. In the same period, Dagata [3] reviewed the development of oxide fabrication and gave an expectation of its application on nano device fabrication. In 1998 García et al. studied the reproducibility, voltage dependence, and kinetics of oxidation [4] , they also compared the characters of oxide fabricated in AFM tapping and contact operation modes [5] . In 2001, Hu et al. [6] analyzed the mechanism and the impact factors in oxidation, and in 2005 they [7] measured the weak current between the AFM tip and the substrate during oxidation and studied the oxidation at various voltage waveforms. To construct 3 dimensional (3D) oxide structures Johannes et al. [8] coupled the computer aided design (CAD) with the AFM oxidation in 2007. The desired 3D oxide features were designed firstly with CAD, which were transported to AFM subsequently and were duplicated on substrate by oxidation. Besides fabricating oxide on silicon substrate, researchers also performed oxidation on other material substrates such as Ti [9] , Al [10] , SiC [11] , GaAs [12] and polymer [13, 14] .
In this paper, the distribution of electric field on substrate surface is analyzed and the forming of oxide at different fabrication parameters such as bias voltage, tip-substrate distance and tip writing speed are studied experimentally. Based on these studies we have realized the fabrication of oxide structures and oxidative cutting and welding of CNT. The studies extend the application area of AFM oxidation and make it a powerful and multipurpose technique for fabricating nano structures and devices.
Analysis of the electric field distribution in AFM oxidation
The major parameters controlling the characters of oxide in AFM oxidation are the electric field on substrate, the resistance of substrate, the temperature and humidity. The distribution of field is determined by the bias voltage between AFM tip and substrate, the tip-substrate distance and the tip curvature radius. As for the resistance of substrate, the temperature and humidity, they can be controlled to be specified values. Next, the field distribution on substrate is analyzed in detail. To simplify the analysis, suppose that the AFM tip can be replaced by a conductive sphere whose radius represents the tip curvature radius and the substrate is a flat con-ductive surface, and that a bias voltage is applied to the tip and the substrate. The schematic diagram of the tip-substrate geometry is shown in Figure 2 From the theory of field evaporation we know that the field intensity at point P can be expressed as [15] 3/ 2 2
where E O is field intensity at the projection point O' and is expressed as
where V is the applied bias between the tip and substrate. Generally, the tip curvature radius of AFM conductive probe is 30-60 nm, and the tip-substrate distance is only several nanometers. The tip radius R is far bigger than the tip-substrate distance D, so eq. (2) can be simplified as / .
Then the relationship of the field intensity at any point on substrate with the bias, tip-substrate distance and tip radius can be simplified and expressed as
According to eq. (4) we can simulate the field distribution under various parameters and analyze the influence of these parameters on oxide growth. Figure 3 shows the field distributions at various parameters. Figure 3 (a) shows field distributions at different bias voltages, and the tip radius, tip-substrate distance are set to 40 nm and 1 nm, respectively. The horizontal coordinates in the figure represent the distance from any point P to point O', and the vertical coordinates represent the field intensity (same below). Curves 1 to 10 correspond to the field distributions when the tip bias increases from 1 V to 10 V with an amplitude increment 1 V. From the figure it can be seen that the field intensity increases with the applied bias. Because a big field intensity will generate a higher oxide, we can deduce that the height of oxide increases with the applied bias. Figure 3 (b) shows the field distributions at different tip-substrate distances, the bias and tip radius are set to 8 V and 40 nm, respectively. Curves 1 to 7 correspond to the field distributions when the tip-substrate distance decreases from 2.8 nm to 0.4 nm with an amplitude decrement of 0.4 nm. From the figure it can be seen that the field is very sensitive to the tip-substrate distance, and the retraction of the tip from substrate surface for several nanometers will cause the field intensity to decrease greatly. It's deduced that the height of oxide decreases greatly with the increasing tip-substrate distance. Therefore, in order to fabricate higher oxide, the tip should contact or nearly contact the substrate surface. Figure 3 (c) shows the field distributions at different tip radii, the bias and the tip-substrate distance are set to 8 V and 1 nm, respectively. Curves 1 to 6 correspond to the field distributions when the tip radius increases from 10 nm to 60 nm with an amplitude increment 10 nm. From the figure it can be seen that the field intensity right under the tip does not vary with the increasing tip radius, which only affects the field's range of action. It's deduced that the tip radius does not affect the height of oxide but only affects the width, i.e., the wider oxide can be fabricated by a blunter tip. 
Experimental
Oxide fabrication experiments were performed to testify the above theoretical results and to analyze the dependence of oxide characters on the fabrication parameters. The experiments were performed with an atomic force microscope (Nanoscope IVa, Veeco). Voltage could be applied through the software NanoMan to the tip and/or the sample, both voltages could be set within the range of [−12 V, +12 V]. In addition to this method, operator could also apply a higher bias voltage to the tip and/or the sample with additional circuits using the signal access module. To perform oxide fabrication, the AFM probe should be conductive. The conductive probes used in the experiments were NSC21/Ti-Pt probe (Mikro-Mash), and the Ti-Pt coating film on the tip was about 10 nm thick. The probe's average force constant and resonance frequency were about 17.5 N/m and 210 kHz, respectively. The tip was 20 to 25 µm long, the cone was about 30° and the curvature radius was less than 40 nm. The sample used in the experiments was n-type Si(100) with a resistivity of 14 Ω·cm. In the experiments a negative voltage was applied to the tip, and the sample was grounded. The experiments were performed in the environment where the temperature and relative humidity were kept at (25±1)℃ and 30%-40%, respectively. The tapping mode was used for scanning while the contact mode was used to perform oxide fabrication. The feedback was turned off during the fabrication to obtain a better fabrication result.
The steps for oxide fabrication are. 1) Scan the substrate with tapping mode firstly to find the specified area for oxidation; then turn off the feedback and turn operation mode to contact mode. Lower the tip toward the substrate and position the tip about 1 nanometer above the substrate. 2) Apply a negative bias on the tip, then control the tip to move along a pre-designed path on the substrate surface. During this procedure oxide will grow on the substrate. 3) Stop applying bias voltage and turn on the feedback, scan the operated area again with tapping mode to verify the results of fabrication.
Next, oxide fabrication at various biases, tip writing speeds, and tip-substrate distances are carried out to verify the dependence of oxide characters on these parameters.
The impact of bias on oxide fabrication
In order to analyze the dependence of oxide height on bias, oxide lines were fabricated at different biases, and the experimental results are shown in Figure 4 . Figure  4 (a) shows the 5 oxide lines fabricated at writing speed 0.05 μm/s and the corresponding applied bias for each line was −10, −9, −8, −7, −6 V from left to right. Figure  4 (b) is the section profile of the lines. From the figure it can be seen that the bias has big impact on the height of oxide, and when the applied bias is decreased the height and width (full width at half maximum) of the fabricated oxide decrease accordingly. For most of the trials, we repeated the oxidation with tip writing speed 0.1 μm/s and 1 μm/s in the same experimental conditions. To minimize the influence of the uneven of the substrate surface we averaged the heights of each oxide line and obtained the dependence of oxide height on bias as shown in Figure 4 (c). From the fitting curve we can see that the height of oxide increased linearly with the increasing bias, which verifies the conclusion drawn in Section 2 of this paper and is accordant with the kinetic model of oxide growth proposed by Stiévenard [16] . During the oxide fabrication the field intensity increased with the bias, which extended the implantation depth of oxyanions and aggravated the oxidation, therefore, the height of oxide increased with the increasing bias. In the experiments we also noticed that there existed a threshold bias. If the applied bias is below the threshold bias the oxide cannot be fabricated. From the intersection points of the fitting curves with the horizontal axes in Figure 4 (c) we can get the threshold biases at tip writing speeds 0.05 μm/s, 0.1 μm/s, and 1 μm/s are 0.9 V, 1.7 V and 3.8 V, respectively.
The impact of writing speed on oxide fabrication
In order to analyze the dependence of oxide height on tip writing speed, oxide lines were fabricated at different writing speeds, and the experimental results are shown in Figure 5 . Figure 5 (a) shows the 5 oxide lines fabricated at applied bias −8 V, the corresponding writing speed for each line was 0.01, 0.1, 1, 10, and 100 μm/s from left to right. Figure 5(b) is the profile of the lines. From the figure it can be seen that the height and width of the oxide lines decreased with the increasing writing speed, and the oxide line was relatively faint when the writing speed reached 100 μm/s. We repeated the experiments with the applied biases −10 V and −6 V in the same experimental conditions. By analyzing the experimental data we got the dependence of oxide height on writing speed as shown in Figure 5 (c). The horizontal coordinates are log coordinates of writing speed and the vertical coordinates are the inverse of oxide height. From the fitting curves it can be seen that the oxide height decreased with the increasing writing speed, and the inverse of the height was in a logarithm relationship with the writing speed, which is accordant with the kinetics model of oxide growth proposed by Stiévenard [16] .
During fabrication the oxide height decreased greatly with an increment of writing speed in the initial period and varied slowly in the following period. When the speed exceeded some value, oxide could not be fabricated again. The mechanism is that when the speed increases, the implantation depth of oxyanions decreases accordingly and the oxidation reactions become less active, therefore the height of oxide decreases with the increasing tip speed.
In addition, the probe used in this experiment was not a new one, which became blunt after many operations. And a little bit of the coating film on the conductive probe dropped down to the substrate and formed a white raised dot as shown in Figure 5 (a), all of these made an increment of the tip's curvature radius. Through comparison it can be found that the widths of the oxide lines in Figure 5 (a) are much wider than those in Figure 4 (a), while the height does not vary greatly. This testifies the analysis in Section 2, that is, the tip radius does not affect the height of oxide but only affects the width.
The impact of tip-substrate distance on oxide fabrication
In order to analyze the dependence of oxide height on tip-substrate distance, oxide lines were fabricated at different tip-substrate distances. To keep a specified distance between the tip and substrate, the tip was lowered firstly to contact the substrate slightly by extending the piezoelectric on which the tip was fixed (this procedure could be detected by the PSD signal of AFM). Then the tip was retracted from the substrate for a specified distance such as several nanometers, which was regarded as the specified tip-substrate distance then. The experimental results are shown in Figure 6 . Figure 6 (a) shows the Figure 6(b) is the section profile of the lines. From the figure it can be seen that the height and width of the oxide lines decreased with the increasing tip-substrate distance, but the decreasing amplitude was not as big as that discussed above. We repeated the experiments with the applied biases −10 V and −6 V in the same experimental conditions. By analyzing the experimental data we had the dependence of oxide height on tip-substrate distance as shown in Figure 6(c) . From the fitting curves it can be seen that the oxide height decreased approximatively in an exponential relationship with the increasing tip-substrate distance. The relationship can be identified when the bias is −6 V, though it is not very obvious when the biases are −10 V and −8 V. The reason is attributed to the impact of bias and tip-substrate distance on oxidation. The impact of bias on oxide fabrication is bigger than that of tip-substrate distance, and the impact of tip-substrate can't be detected when oxidation is performed at high bias; yet at a low bias such as −6 V, the impact is manifested. Another reason is that there may exist small deviation between the retraction distance of PZT and the actual tip-substrate distance caused by the soft beam of AFM probe.
During the oxide fabrication the field intensity decreased greatly with the increasing tip-substrate distance when the tip was retracted from the substrate for the initial several nanometers, and the intensity varied slowly when the tip was retracted further more. The decreasing field results in a decrement of the number of oxyanions, and the oxidation reactions become less active, therefore the height of oxide decreases with the increasing tipsubstrate distance.
Application of AFM based oxidation

Fabrication of nano oxide structures
Based on the studies we found the oxidation can be performed efficiently under the following conditions: applied bias −10 V, tip writing speed 0.1 μm/s, tip-substrate 1 nm, using Ti-Pt conductive probe, temperature 25℃, relative humidity 30%, and the feedback is turned off during fabrication.
Various nano oxide structures such as oxide dots, lines, characters, etc. can be fabricated by controlling the moving path of AFM tip during the oxide fabrication. Figure 7 shows the oxide characters "SIA NANO" fabricated on n-type Si(100) substrate within the area of 2 μm, and the average height and width of the characters are 3.5 nm and 68 nm, respectively. The oxide fabricated by anodic oxidation can be used in the construction of nano structures, and it can also be used for processing dielectric barrier layer or as a selective etching mask. Furthermore, metal-oxide-semiconductor devices can be fabricated by precisely controlling the position of oxide.
Oxidative cutting of carbon nanotube
Carbon nanotube (CNT) is an important nano material for nanofabrication. CNT has been widely studied for its special mechanical and electrical properties since it was discovered in 1991. Fabrication of CNT based nano devices is one of the main applications of CNT, such as constructing CNTFET, CNT sensor, etc. The length of CNT is a key factor affecting its mechanical and electrical properties, so how to control CNT's length precisely is an urgent problem that needs to be solved in nano fabrication. CNT has great toughness and generally it (especially the multi-walled CNT) cannot be cut off by AFM tip directly. However, using the AFM based anodic oxidation technique CNT can be cut off precisely and easily. In 2002 Park et al. [17] realized oxidative cutting of CNT with diameter of 3 nm by AFM. With the same method, a thick CNT with diameter of 30 nm was cut by Kim et al. [18] in 2003, and the possible mechanism of cutting was discussed. To study the cutting mechanism furthermore, we performed CNT cutting experiments on Si(100) substrate and analyzed the electrochemical reactions during the cutting. A drop of solution containing CNT was dropped on substrate by a microtitration device in advance. The experiment below shows the process of oxidative cutting of CNT by AFM.
To perform oxidative cutting of CNT, the AFM conductive tip was lowered to nearly contact the substrate and a negative bias that was big enough was applied to the tip then. By controlling the tip to move across the CNT along the designed path, the CNT could be cut off as a result. Figure 8 shows the process of cutting CNT: A CNT with length of 1.3 μm and diameter of 4 nm on the substrate (Figure 8(a) ); the tip moved across the CNT in the contact mode with bias −10 V and writing speed 0.1 μm/s. The two lines across the CNT were oxide lines grown on the substrate under the effect of electric field (Figure 8(b) ). The two ends of the CNT were pushed by the tip as shown in Figures 8(c) and (d) . It should be noticed that during the pushing the middle part of the CNT between the two oxide lines stayed im-mobile, which means the CNT had been cut off by the oxidative method. To give a more clear show, the two ends of CNT were push away further as shown in Figures 8 (e) and (f). From Figure 8 (f) it was clear that the CNT had been cut off at the two intersection points of the CNT and the two oxide lines. In the experiments we also noticed that CNT could be cut off only when the applied bias voltage was higher than a threshold, which depended on the diameter of CNT and the humidity. As for the cutting mechanism we attribute it to the electrochemical reactions of the carbon atoms with the OH ions which are disassociated from the absorbed water layer on the substrate surface by the injection of electrons from the AFM tip to the substrate. The reaction on AFM tip is as follows: After the reactions above the carbon atoms of CNT change to CO 2 gas molecules which move from CNT and the CNT is cut off consequently. The oxidative cutting technique can be used to cut single-walled and multi-walled CNT precisely and efficiently. By this technique CNT with specified length can be obtained, and the CNT segments after cutting can be reassembled to construct new structures. Therefore, the technique is helpful in constructing complex CNT structures and fabricating CNT based nano devices.
Oxidative welding of carbon nanotube
Besides oxidative cutting, AFM based oxidation can also be used in welding of CNT. By the oxidation method, oxide dots can be fabricated on some semicon-ductor and active metal substrates, which can be used as weld dots to fix CNT on substrate, i.e., welding of CNT. To perform oxidative welding of CNT, the AFM tip was firstly positioned above the CNT and lowered nearly contact the CNT. A negative pulse voltage was applied to the tip and an oxide dot was fabricated around the CNT, by which the CNT could be locally enwrapped and welded on the substrate. Figure 9 shows a CNT with diameter of 2 nm was welded by an oxide dot on Si(100) substrate, the amplitude and width of the applied pulse were −6 V and 300 ms, respectively. The results of before and after welding are shown in Figures 9(a) and (b), respectively. Figure 9 (c) is the section profile along the two marked lines in Figure 9 (b), and the above line corresponds to the profile of the weld dot while the below one corresponds to the profile of the substrate. From Figure 9 (c) we can see that the height of weld dot is about 2 nm bigger than that of the CNT, which means the weld dot can enwrap the CNT locally and fix it on the substrate. During welding the applied bias voltage should not be too high, otherwise the CNT might be cut off. Besides welding of CNT, the welding technique can also be used to weld other nano objects such as nano particle with diameter of several nanometers. The weld dot is very firm on the substrate, and the welded CNT cannot be stripped off by the AFM tip from weld dot when the force is less than 300 nN. The welding technique can be used to weld CNT on substrate and measure its mechanical properties, or it can be used for the fix connection in assembly of CNT based nano devices. In addition, several CNTs can be welded together and to study the variation of its electrical properties. The weld dot fabricated on Si substrate is insulator, and to obtain conductive weld dot the field evaporation method which is similar to the oxidation method can be used. In the field evaporation method, the AFM tip is kept several nanometers above the nano object, and a high pulse voltage (usually tens of volts) is applied to the tip. Under the effect of strong field a little bit of the conductive film coated on the tip will drop down and form a conductive dot, which will enwrap and weld the object on substrate. This method can be used in the case where conductive weld dot is needed in fabrication.
Figure 9
Oxidative welding of CNT.
Conclusions
The mechanism of AFM based oxidation and its new application to oxidative cutting and welding of CNT are studied. Firstly, the electric field distribution on substrate is analyzed, and it is deduced that the field increases with the applied bias voltage, and decreases with the increasing tip-substrate distance, the variation of tip radius does not affect the maximum of field intensity but only affects its acting range. Secondly, it is verified through the oxidation experiments on Si substrate that the height of oxide is in a linear relationship with the bias, the inverse of the height is in a logarithm relationship with the writing speed, and the height decreases in an exponential relationship with the increasing tip-substrate distance. Based on the studies, nano oxide struc tures are constructed and the novel application of oxidation in oxidative cutting and welding of CNT are realized. Through the oxidative cutting and welding technique CNT can be cut to get a specified length and the CNT can also be welded firmly on substrate. The studies extend the application area of AFM based oxidation and provide a novel technique for the assembly and fabrication of CNT based nano devices.
